. The usage of a touchdown PCR or the usage of an ASO reverse primer in combination with V␥ member forward primers and TaqMan probes did not clearly improve the overall results. Nevertheless, RQ-PCR analysis of TCRG gene rearrangements in follow-up samples obtained from 12 ALL patients showed the applicability of this method for MRD detection. We conclude that RQ-PCR analysis of TCRG gene rearrangements can be used for the detection of MRD, but that sensitivities might be limited due to non-specific amplification. This method is applicable in the majority of T-ALL patients and in almost half of precursor-B-ALL patients, particularly when used as secondchoice target for confirmation of the MRD results obtained via the first-choice target.
Introduction
Recent clinical studies have indicated that the detection of minimal residual disease (MRD) predicts clinical outcome in patients with hematopoietic malignancies. 1 In patients with acute lymphoblastic leukemia (ALL), monitoring of MRD has been shown to provide clinically relevant insight into the efficacy of treatment [2] [3] [4] and allows discrimination between lowrisk, intermediate-risk, and high-risk patients. 4 In addition, analysis of MRD levels prior to stem cell transfer allows recognition of patients at high risk of relapse. 5, 6 These studies have shown that it is not merely the absence or presence of MRD that is clinically relevant, but that it is important to determine the level of MRD, ie quantitative MRD data are required.
Immunoglobulin (Ig) and T cell receptor (TCR) gene rearrangements are frequently used as targets in PCR-based MRD studies, as these rearrangements can be considered as 'DNA fingerprints' of the leukemic cells owing to deletion and random insertion of nucleotides at the junction sites of the gene segments. 7 TCR gamma (TCRG) gene rearrangements are present in Ͼ95% of children with T-ALL. In Ͼ90% of T-ALL this concerns bi-allelic rearrangements and they can be considered as end-stage rearrangements, because TCRG gene rearrangements in T-ALL frequently involve the most upstream V␥2 gene segment and particularly the most downstream J␥2.3 gene segment. 8 Cross-lineage TCRG gene rearrangements occur in 55-60% of children with precursor-B-ALL and in 65% of these cases this concerns bi-allelic rearrangements. 9 In contrast to T-ALL, most TCRG gene rearrangements (approximately 70%) found in childhood precursor-B-ALL involve the J␥1 gene segments. Whereas oligoclonality of TCRG gene rearrangements is rare in T-ALL, it is present in 35-40% of precursor-B-ALL with TCRG gene rearrangements. 8, 9 Recently, we and others have reported the applicability of real-time quantitative PCR (RQ-PCR) analysis for the sensitive and quantitative detection of IGH and IGK gene rearrangements. [10] [11] [12] [13] [14] [15] [16] RQ-PCR with an allele-specific oligonucleotide (ASO) complementary to the junctional region can generally reach sensitivities of р10 −4 , which is required for the appropriate recognition of low-risk patients. 4 In comparison with IGH and (to a lesser extent) IGK gene rearrangements, TCRG gene rearrangements use relatively few gene segments and have relatively small junctional regions. [17] [18] [19] [20] [21] Furthermore, the number of mature T-lymphocytes with TCRG gene rearrangements in bone marrow (BM) follow-up samples is often much higher than the number of (precursor) B cells. Particularly post-induction BM samples may contain high frequencies of T-lymphocytes up to 70% of cells (median: 37%). 22 These fac-tors might hamper the sensitive detection of leukemia-specific TCRG gene rearrangements. In this report we describe the design and testing of an ASO primer-based RQ-PCR method for the detection of TCRG gene rearrangements. Our data indicate that TCRG gene rearrangements can be used for MRD analysis by RQ-PCR analysis, but that non-specific amplification of TCRG gene rearrangements in normal T-lymphocytes may limit the sensitivity.
Materials and methods

Patients and cell samples
BM and/or peripheral blood (PB) samples were obtained at diagnosis from 17 children with precursor-B-ALL and 15 children with T-ALL. Patients were selected based on the presence of TCRG gene rearrangements (see below). From 12 of the 32 children (seven patients with precursor-B-ALL and five patients with T-ALL), several BM samples obtained during follow-up were studied as well.
Mononuclear cells (MNC) were isolated from BM or PB samples by Ficoll-Paque separation (density 1.077 g/cm 3 ; Pharmacia, Uppsala, Sweden). MNC were either directly used for DNA isolation or cryopreserved in medium containing 10% DMSO. DNA was isolated from fresh or frozen cells as described previously. 23 
Identification of TCRG gene rearrangements
TCRG gene rearrangements were identified by PCR amplification and heteroduplex analysis as described previously. 24, 25 Fluorescent sequencing was performed using the Big Dye-terminator cycle sequencing kit and an ABI 377 automated sequencer (Applied Biosystems, Foster City, CA, USA). Sequence reactions were carried out according to the instructions of the manufacturer. The template DNA used in the sequence reaction was either the PCR product or a homo-(or hetero-) duplex band excised and eluted from a polyacrylamide gel.
Primer and probe design for RQ-PCR analysis
All TaqMan primers and probes were designed as described previously using the Primer Express 1.0 software (Applied Biosystems) and the OLIGO 6.1 software (W Rychlik, Molecular Biology Insights, Cascade, CO, USA). 10, 11, 16 Two approaches were used in this study: an ASO forward primer approach (using germline J␥ reverse primers and germline J␥ TaqMan probes) and an ASO reverse primer approach (using germline V␥ member primers and germline V␥ member TaqMan probes). The sequences of the primers and probes are given in Figure 1 . The J␥1.3/2.3 reverse primer and germline probe were designed in such a way that both the J␥1.3 and J␥2.3 gene segment were efficiently recognized. The V␥ member primers and probes were chosen in those regions of the gene segments that were most different from other V␥ gene segments. ASO primers were designed in such a way that at least a part of each ASO primer was complementary to the junctional region.
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Figure 1
Schematic representation of primers and probes for Taq 
RQ-PCR analysis
RQ-PCR analysis was performed as described previously. 10, 11 A standard annealing temperature of 60°C was used, unless indicated otherwise. To determine the efficiency of amplification and sensitivity of the PCR target, diagnostic DNA was diluted in 10-fold steps into control MNC DNA, from 10 −1 down to 10 −6 . To avoid skewed TCRG gene rearrangement patterns and to obtain a bulk of polyclonal control DNA, equivalent mixtures of PB-MNC from 10 different healthy donors were used. The serial dilutions of diagnostic DNA were subjected to RQ-PCR analysis together with negative controls (H 2 O and control MNC DNA). Serial dilutions of diagnostic samples were analyzed in duplicate, whereas follow-up samples were analyzed in triplicate. To correct for the quantity and quality (amplifiability) of DNA, we used RQ-PCR analysis of the albumin gene. 10 
PCR target sensitivity
Non-specific amplification was defined as any amplification observed in control MNC DNA. The reproducible sensitivity of a primers/probe combination was defined as the maximal 10-fold dilution step with a maximal difference in cycle threshold (C T ) value of 1.5 between the duplicate dilution samples and with a maximal C T value of 40 cycles. The standard curve within this reproducible range should have a correlation coef-Leukemia ficient of at least 0.95 for precise quantification. Furthermore, the C T values of the reproducible sensitivity had to be at least three cycles lower than the C T values of control MNC DNA (tested in two-to six-fold). In case non-specific amplification was observed, the maximal sensitivity was defined as the maximal 10-fold dilution of the diagnostic sample giving a reproducible C T value (C T duplicate Ͻ1.5) with the highest C T at least 1 C T lower than the lowest C T of non-specific amplification. If non-specific amplification was not observed, the maximal sensitivity was defined as the maximal 10-fold dilution of the diagnostic sample giving specific amplification in one out of the two duplicate wells only.
Results
TCRG gene rearrangements in the patients studied
In the 15 T-ALL patients (with 27 TCRG gene rearrangements) most rearrangements (85%) involved the J␥2.3 gene segment. The most upstream V␥I gene segments were used in Ͼ70% of rearrangements. In the 17 patients with precursor-B-ALL (with 27 TCRG gene rearrangements), the J␥2.3 gene segment was used most frequently (48%), but also J␥1.3 (26%), J␥1.1 (22%) and J␥2.1 (4%) gene segments were used. Most rearrangements involved the V␥I (78%) gene segments.
The mean number of inserted nucleotides showed a tendency to be higher in T-ALL than in precursor-B-ALL: 7.7 vs 5.4 (P = 0.07 by Student's t-test). In contrast, the mean number of deleted nucleotides showed a tendency to be lower in T-ALL than in precursor-B-ALL: 8.1 vs 12.8 (P = 0.05 by Student's t-test). This was mainly due to a lower number of 5Ј deleted nucleotides in T-ALL (4.0 vs 7.2 in precursor-B-ALL; P Ͻ 0.05 by Student's t-test).
To confirm these findings, TCRG gene rearrangements were analyzed in a larger series of 50 T-ALL patients (with 72 TCRG gene rearrangements) and 84 precursor-B-ALL patients (with 109 TCRG gene rearrangements) from our MRD database. Gene segment usage was comparable to the first patient series (Table 1 ). In T-ALL patients, the mean number of inserted nucleotides was significantly higher, whereas the mean total number of deleted nucleotides and the mean number of 5Ј deleted nucleotides were significantly lower as compared to the precursor-B-ALL patients (Table 1) , thereby confirming our initial observations (see above). The size of the junctional region did not appear to be related to the gene segments involved.
RQ-PCR analysis using germline J␥ probes
We first evaluated the applicability of J␥ TaqMan probes in combination with germline J␥ reverse primers and ASO forward primers for 15 TCRG gene rearrangements in 12 T-ALL patients and 19 TCRG gene rearrangements in 16 precursor-B-ALL patients. Delta Rn values for the 10-fold diluted diagnostic samples were generally у1, indicating that the PCRs were robust (Figure 2 ).
By using 10-fold dilutions of the diagnostic sample in control MNC DNA, the sensitivity of the RQ-PCR was analyzed. In case the RQ-PCR did not reach a reproducible sensitivity of 10 −4 , the annealing temperature was increased from 60°C to 63°C-66°C; this optimization improved the sensitivity results for 13 out of 20 TCRG gene rearrangements. After optimization, reproducible sensitivities obtained were: 10 −2 in Table 2 ). In five of the 14 TCRG gene rearrangements with a reproducible sensitivity of at least 10 −4 , the annealing temperature had to be increased to 63°C ( Table 2 ). The main problem in reaching higher reproducible sensitivities was the amplification of normal MNC DNA, which was seen in 24 out of 34 TCRG gene rearrangements (71%) (see Figure 2b , c and d). Out of the 10 cases without background, nine cases (90%) reached a reproducible sensitivity р10 −4 ( Figure 2a ). It should be noted that we used rather strict criteria for the reproducible sensitivity: C T duplicate Ͼ1.5 and at least 3 C T difference between specific amplification and non-specific amplification of control MNC DNA. The maximal sensitivity was defined by less strict criteria (see Materials and methods) and was in several cases at least one log below the reproducible sensitivity. As shown in Table 2 , the maximal sensitivity was р10 −4 in 18 of the 34 TCRG gene rearrangements (53%) and was р10 −3 in 30 out of 34 cases (88%). In nine cases (26%) even a maximal sensitivity of 10 −5 was obtained. Some typical examples are shown in Figure 2 .
Parameters that affect the RQ-PCR sensitivity
As in only 14 out of 34 (41%) of TCRG gene rearrangements a reproducible sensitivity р10 −4 was reached, we tried to find parameters that could predict the sensitivity of the method. There was no apparent relation between the sensitivity and the V␥ or J␥ gene segment used. However, the reproducible sensitivity showed a relation with the size of the junctional region (Table 3 ). In particular the number of inserted nucleotides appeared to be an important factor for determining the reproducible sensitivity that could be reached (insertion р6 nucleotides: 18% р10 −4 vs insertion Ͼ6 nucleotides: 83% р10 −4 ). As the number of inserted nucleotides was generally higher for TCRG gene rearrangements in T-ALL, higher repro- ducible sensitivities were indeed found for TCRG gene rearrangements in this group of patients (67% р10 −4 in T-ALL vs 21% р10 −4 in precursor-B-ALL). High numbers of deleted nucleotides (3Ј, 5Ј, or total) were also related to higher reproducible sensitivities, but these effects were less pronounced (Table 3) . If one aims to pick up as many TCRG gene rearrangements with a reproducible sensitivity of р10 −4 , the total number of inserted plus deleted nucleotides was the most discriminative parameter: if a cut-off level of more than 12 nucleotides was used, 86% of TCRG gene rearrangements with a reproducible sensitivity of р10 −4 were included. Also for the maximal sensitivity, the number of inserted nucleotides was the best parameter for predicting a sensitivity of р10 −4 and the total number of inserted plus deleted nucleotides (cut-off level: eight nucleotides) was the best parameter for including most TCRG gene rearrangements reaching a sensitivity of р10 −4 . Thus, based on the junctional region sequence, TCRG gene rearrangements can be selected with a relatively high chance (75%-95%) to reach a reproducible sensitivity of р10 −4 (Tables 2 and 3) .
RQ-PCR analysis using germline V␥ probes
As most TCRG gene rearrangements in normal T-lymphocytes involve the J␥1.3 or J␥2.3 gene segment, the use of a germline Leukemia J␥1.3/2.3 probe and reverse primer could be the cause of the relatively high non-specific amplification of TCRG gene rearrangements in normal MNC. Therefore, the usage of germline V␥ member probes and germline V␥ forward primers may theoretically result in less non-specific amplification. We therefore designed germline V␥ member probes and forward primers for the four most common V␥ gene segments (V␥2, V␥3, V␥4, and V␥9) and tested these in combination with an ASO reverse primer for 16 TCRG gene rearrangements (four for each V␥ segment). Ten of the 16 TCRG gene rearrangements analyzed were also tested using the germline J␥ probe and reverse primer and were selected because they did not result in a reproducible sensitivity of at least 10 −4 using the ASO forward primer approach. The results, summarized in Table 4 , indicate that the usage of a germline V␥ probe and a germline V␥ forward primer does not clearly improve the overall results.
RQ-PCR analysis using touch-down PCR
We subsequently tested whether a touch-down PCR (from 68°C to 60°C in the first five cycles) could increase the specificity and thereby improve the results. Making the first cycles more specific could result in a bigger difference in C T values between the specific and non-specific amplification. Four TCRG gene rearrangements were selected, which did not was not reached the annealing temperature was increased. e Reproducible sensitivity: 10-fold dilution of diagnostic sample giving a reproducible C T value (C T duplicate Ͻ1.5) and with the highest C T (given between brackets) at least 3 C T lower than the lowest C T of non-specific amplification. f In case non-specific amplification was observed, the maximal sensitivity was defined as the 10-fold dilution of the diagnostic sample giving a reproducible C T value (C T duplicate Ͻ1.5) with the highest C T (given in brackets) at least 1.0 C T lower than the lowest C T of non-specific amplification. If non-specific amplification was not observed, the maximal sensitivity was defined as the 10-fold dilution of the diagnostic sample giving specific amplification in one of the two duplicate wells only. g Non-specific amplification: the number of control MNC DNA wells showing any non-specific amplification, as well as the total number of control MNC DNA tested is shown. The lowest C T value of the non-specific amplification (if present) is given between brackets. reach a 10 −4 sensitivity: three TCRG gene rearrangements (in patient 6169, 6207 and 6229) using the J␥1.3/2.3 probe and one TCRG gene rearrangement (in patient 6670) using the V␥4 probe. No significant improvement of the results was observed for the four selected TCRG gene rearrangements.
MRD analysis using TCRG gene rearrangements
Finally we evaluated the usage of TCRG gene rearrangements for the detection of MRD. Seven children with precursor-B-ALL (with seven TCRG gene rearrangements) and five children with T-ALL (with seven TCRG gene rearrangements) were selected and a total of 112 BM follow-up samples was analyzed. Results were corrected for the quantity and quality of DNA as determined by the albumin RQ-PCR analysis. Figure  3 shows the results for six representative patients.
Follow-up samples from patient 5787 (T-ALL) were persistently PCR-negative from week 5 post diagnosis onwards and this patient remained in complete remission (CR). In contrast, high MRD levels remained detectable in the follow-up samples of patient 5818 and this T-ALL patient relapsed within half a year. Fully concordant results were found using the two TCRG gene rearrangements analyzed. In patient 5358 (T-ALL with two TCRG gene rearrangements), leukemic cells could be detected by at least one TCRG target in all follow-up samples, although MRD levels could not be quantified in all samples. Very comparable MRD levels were found using the two TCRG gene rearrangements, and this patient ultimately relapsed. 
The boxes show the parameters which characterize TCRG gene rearrangements with a high chance of obtaining a 10 −4 sensitivity (horizontal boxes) or the parameters which characterize TCRG gene rearrangements with a high chance of including all TCRG gene rearrangements reaching a 10 −4 sensitivity (vertical boxes).
a
The indicated arbitrary cut-off points were chosen because they gave the best distinction in the percentages reaching a reproducible sensitivity of р10 −4 between the two resulting groups (both with respect to the chance of obtaining a reproducible sensitivity of р10 −4 as well as the chance of including all TCRG gene rearrangements reaching a reproducible sensitivity of р10
−4
).
In both precursor-B-ALL patient 5160 and 6186, MRD could be detected shortly (5-6 weeks) after diagnosis, but was undetectable thereafter. Both patients remained in complete remission. In contrast, in precursor-B-ALL patient 6128, high levels of MRD remained detectable and this patient ultimately relapsed.
Discussion
An ASO RQ-PCR method for the analysis of TCRG gene rearrangements was developed and evaluated. The results indicate that TCRG gene rearrangements can be applied for detection of MRD by RQ-PCR analysis, but that non-specific amplification of TCRG gene rearrangements in normal T lymphocytes may hamper sensitive MRD detection. Nevertheless, in the majority of TCRG gene rearrangements in T-ALL patients and in almost half of TCRG gene rearrangements in precursor-B-ALL patients a maximal sensitivity of р10 −4 was reached.
Our comparison of TCRG gene rearrangements in precursor-B-ALL and T-ALL patients showed clear differences between both patient groups. In T-ALL, the vast majority of TCRG gene rearrangements concerned J␥2.3 gene rearrangements, which is in accordance with previous results. 8 In precursor-B-ALL almost half of the cross-lineage TCRG gene rearrangements concerned J␥1 rearrangements as demonstrated by sequence analysis. This percentage is lower than the previously reported percentage of approximately 70%, which was based on Southern blot data. 9 The most important Leukemia observation was that the junctional region of TCRG gene rearrangements in T-ALL showed significantly more inserted nucleotides and fewer 5Ј deleted nucleotides as compared to precursor-B-ALL. These differences in the junctional regions were not due to the differences in gene segments used. The higher number of inserted nucleotides in T-ALL might reflect higher expression levels of terminal deoxynucleotidyl transferase (TdT) in T-ALL as compared to precursor-B-ALL. The main reason for not obtaining reproducible sensitivities of р10 −4 was the non-specific amplification of TCRG gene rearrangements in normal T-lymphocytes, which occurred in approximately 70% of cases. If no non-specific amplification was observed, reproducible sensitivities of р10 −4 were found in nine out of 10 (90%) TCRG gene rearrangements. Nonspecific amplification of TCRG gene rearrangements is logically dependent upon the number of T-lymphocytes present in a sample, because the vast majority (if not all) of TCR␣␤ + T-lymphocytes contain mono-allelic or bi-allelic TCRG gene rearrangements. 26 The frequency of T-lymphocytes is particularly high in post-induction BM samples, in which they comprise up to 70% of cells (median: 37%). 22 To reduce the level of non-specific amplification, we tried to increase the annealing temperature, an approach that we applied successfully for IGH and IGK gene rearrangements. 11, 16 In 20 TCRG gene rearrangements not reaching a reproducible sensitivity of р10 −4 the annealing temperature was increased to 63-66°C, and in 13 rearrangements this indeed resulted in an improved sensitivity. Nevertheless, even after optimization approximately 60% of TCRG gene rearrangements still did not reach a reproducible sensitivity of . To further improve the RQ-PCR results, we tested V␥ member probes and V␥ member forward primers as well as a touch-down PCR. Neither approach clearly improved the reproducible sensitivity. Other reports also described the usage of TCRG gene rearrangements for the detection of MRD. 10, 14, 27, 28 By using an ASO probe approach we previously found sensitivities of 10 −3 for two TCRG gene rearrangements. 10 Delabesse et al 27 used multifluorescent TCRG PCR typing with a sensitivity at the 10 −2 to 10 −3 level. In nested-PCR approaches, 14, 28 sensitivities of 10 −4 to 10 −5 were reached, which is probably due to a reduction of the nonspecific amplification in the second PCR step, caused by the enrichment of particular TCRG gene rearrangements (used by the leukemic cells) in the first PCR step. However, the use of a nested PCR is more laborious and may potentially lead to less quantitative data as a plateau phase might have been reached in the first PCR step.
As the reproducible sensitivity of at least 10 −4 was reached in only a subset of TCRG gene rearrangements, we tried to find parameters that could predict this reproducible sensitivity as obtained by RQ-PCR analysis. From a theoretical point of view, one might expect that TCRG gene rearrangements using J␥ or V␥ gene segments that are infrequently used in normal T-lymphocytes, result in a higher sensitivity of the RQ-PCR analysis. Our data series is, however, too small to draw firm conclusions about such a relationship. The number of inserted nucleotides appeared to be the best predictor of reaching a reproducible sensitivity of р10 −4 (success rate 75-95%), whereas the total number of inserted plus deleted nucleotides was the best parameter for recognition of all TCRG gene rearrangements reaching a reproducible sensitivity of р10 −4 . As the number of inserted nucleotides was significantly higher in T-ALL as compared to precursor-B-ALL, the percentage of TCRG gene rearrangements reaching a reproducible sensitivity of р10 −4 was clearly higher in the T-ALL group as compared to the precursor-B-ALL group (67% vs 21%). As TCRD gene rearrangements are only found in a subset of T-ALL patients (approximately 55%), 29 MRD analysis in T-ALL patient is particularly dependent on analysis of TCRG gene rearrangements (present in approximately 95% of patients). 8 Luckily, in the majority of T-ALL patients, the TCRG gene rearrangements can successfully (reproducible sensitivity of р10 −4 ) be applied for RQ-PCR analysis. In precursor-B-ALL patients, RQ-PCR analysis of TCRG gene rearrangements is less successful (only 21% reaches a reproducible sensitivity of р10 −4 ), but it is also less needed, as often alternative MRD-PCR targets are present: IGH gene rearrangements can be found in Ͼ95% of patients and IGK gene rearrangements are found in approximately 60% of patients. 30, 31 We used rather strict criteria for the sensitivity, as we did for IGH gene rearrangements 11 and IGK gene rearrangements, 16 because a sensitivity of р10 −4 is required for appropriate rec- ognition of low-risk patients. 4 We therefore defined the reproducible sensitivity in such a way that a clear distinction can be made between MRD negative samples and samples with a tumor load of у10 −4 . For this purpose, results had to be reproducible and the C T values had to be at least 3 C T (ෂ1 log) apart from any non-specific amplification. If TCRG gene rearrangements are used as the first or only MRD-PCR target, we believe that such strict criteria need to be used. However, if the TCRG gene rearrangement is used as a second MRD-PCR target for confirmation of the results obtained by another MRD-PCR target (with a reproducible sensitivity of р10 ), less strict criteria may be used, such as the maximal sensitivity. Consequently, a TCRG gene rearrangement as first MRD-PCR target is applicable in 67% of T-ALL and in only 21% of precursor-B-ALL. However, a TCRG gene rearrangement as second MRD-PCR target (for confirmation) is applicable in 42% of precursor-B-ALL patients.
